Abstract -Anaerobes or facultative anaerobic bacteria show interesting new types of reversible carbon-hydrogen bond forming enzymes in high activities, which are often not NAD(P)(H) dependent. Their substrata specificity is very broad and nevertheless, their stereoselectivity very high. Some properties and results with enoate reductase, viologen accepting 2-hydroxycarboxylate-oxidoreductase (HVOR), and aldehyde oxidoreductase, reducing non-activated carboxylic acids to aldehydes, will be described. Due to the rather ubiquitous occurrence of viologen accepting pyridine nucleotide oxidoreductases (VAPOR) also yeasts can be used for reductions in electrochemical cells with efficiencies much higher than with carbohydrates.
INTRODUCTION

Purified redox enzymes or microbial cells have been used as stereoselective redox biocatalysts for many years. The reducing enzymes applied were usually pyridine nucleotide dependent (ref. 1,2). New enzymes for this purpose were found and introduced for preparative work (ref. 2,3). The application of isolated pyridine nucleotide dependent enzymes o n a preparative scale requires coenzyme regeneration. Various methods have been developed (ref. 4,5). The conditions for technical applica
Some time ago we became interested in redox enzymes occurring in anaerobes. We assumed that during evolution, in the absence of noticeable concentrations of dioxygen in the earth atmosphere redox enzymes may have been evolved creating carbon-hydrogen bonds, which are not stab-le in the presence of oxygen. It was known, that strict anaerobes contain redox enzymes such as hydrogenases, reversible carbon monoxide dehydrogenases, nitrogenases and others, which are hardly found in aerobes. The presence of carbon-hydrogen forming enzymes was screened by using resting anaerobes such as clostridia or anaerobically grown facultative anaerobes as catalysts for the reduction of various unsaturated compounds such as ketones, 0x0 acids, 2-enoates, 2-enones and non-activated carboxylic acids, at the expense of dihydrogen, formate or carbon monoxide. W e found that the C-C double bonds of non-activated 2-enoates, the C-0 double bonds of 0x0 acids and aldehydes or even non-activated carboxylic acids can be reduced by non-pyridine nucleotide dependent enzymes with dihydrogen, formate or carbon monoxide. It turned out that interesting unknown redox enzymes exist in strict and facultative anaerobes, if t h e latter are grown under strict anaerobic conditions. Some of the newly detected enzymes together with suitable methodologies are of interest for preparative work.
If whole cells o r crude extracts are used w e apply a measure for t h e efficiency of the microbial bioconversions, which is defined as follows:
Productivity number PN = mmol product/biocatalyst (dry weight) kg x time (h) The newly found enzymes and procedures, which w e developed can be characterised as follows (ref. 9-11):
(i) By using whole cells, productivity numbers are obtained, which are typically one and sometimes u p t o three orders of magnitude higher than those of conventional 1181 methods with yeasts and carbohydrates as electron donors. That means, that 100-200 g of product can easily be prepared with normal laboratory equipment.
(ii) New types of reactions are catalysed by newly detected enzymes. The later described reduction of non-activated carboxylic acids in water shows a reaction, which is not known by chemical means. Usually resting cells of anaerobes such as clostridia or anaerobically grown facultative organisms such as Proteus vulgaris are applied .
(iii) As electron donors hydrogen gas, formate, carbon monoxide, or the cathode of an electro-chemical cell rather than glucose are used. Also, yeasts can be used very effectively in electro-chemical cells increasing their productivity numbers 1-2 orders of magnitude (ref. 12) or they can be coupled to hydrogen gas (ref. 13) . This is made possible by the enzymic reduction of NAD to NADH with reduced MV. Under anaerobic conditions the specific VAPOR activity of mitochondria is about 10-20 times higher than the oxidation of succinate or NADH by oxygen (ref. 14) .
(iv) Most of the oxido-reductions, which will be described are not pyridine nuc- (v) Mediators for these new enzymes may be methylviologen (MV) and benzylviologen (BV), which are commercially available. Their redox potential Eb is -443 and -360 millivolts, respectively. These values are for l,l',2,2',-tetramethylviologen (TMV) about -555 mV and for carbamoyl methylviologen (CAV) -295 mV. These differences have drastic effects on the equilibrium constants of redox reactions. If pyruvate is reduced to lactate at pH 6.0 with MV" the equilibrium constant is about 3~10~'. At pH 8.5 in the presence of CAV" this value changes to 3.5. That means, there are 10 orders of magnitude difference. Furthermore, the viologens can be applied in electromicrobial or electro-enzymic reactions in special ways. The N,N'-diaminopropyl-4,4'-bipyridinium dication (DAPV) can be bound with one amino group to the carboxyl group at the surface of cathodes (oxidised graphite) and the other amino group can be used for the covalent fixation of an enzyme (ref. 17) or the enzyme may be in solution and only the mediator is fixed to the carbon electrode (ref. 18) . Also Co-sepulchrate is an interesting mediator. It can be applied instead of viologens for the following reductions (ref. 19) : enoates with C. tyrobutyricum, 2-0x0 acids to 2R-hydroxy acids with Proteus vulgaris, esters of 3-0x0-butyric acid or derivatives such as ethyl 3-0x0-4-chloro-butyrate with C. kluyveri to the corresponding chiral 3-hydroxy acids, carboxylic acids to the corresponding alcohols with C. thermoaceticum or with various VAPORS it can be used for the electro-chemical formation of NAD(P)H.
(vi) The microorganisms or viologen accepting enzymes together with described methodologies are very suitable for the preparation of stereoselectively hydrogen labelled products (ref. 20) .
ENOATE REDUCTASE
The first new enzyme very suitable for preparative work, which we found in our studies is enoate reductase from Clostridium tyrobutyricum. This enzyme shows a surprising broad substrate specificity for 2-enoates (ref. 1 pmol 2-0x0 acid to the corresponding 2R-hydroxy acid.) The purified enzyme converts a 1:l mixture of a 2R-hydroxy acid and a 2-0x0 acid with different carbon skeletons to a mixture containing two 2-hydroxy-and two 0x0 acids in an almost 1:l:l:l ratio. That means, for this reaction a coenzyme does not seem t o be necessary. In deuterium oxide the a-hydrogen of 2R-hydroxy acids is exchanged by the purified enzyme.
2R-HY DROXYCARBOXY LATE-OXIDOREDUCTASE
2-Hydroxycarboxylate viologen oxidoreductase (HVOR) from
CARBOXYLIC ACID REDUCTASES
Recently we observed the capability of Clostridium thermoaceticum and C. formicoaceticum to reduce non-activated carboxylic acids at the expense of carbon monoxide or formate to the corresponding alcohols. In the presence of 1 mM methylviologen the reduction rate can be accelerated (ref. 32-34) . In studying the enzymology of the carboxylic acid reduction we detected in C. thermoaceticum and C. formicoaceticum tungsten containing enzymes, which reduce nonactivated carboxylic acids to the aldehydes by reduced viologens (ref. 
